We report 4.5 m luminosities for 27 nearby (D P 5 Mpc) dwarf irregular galaxies measured with the Spitzer Infrared Array Camera. We have constructed the 4.5 m luminosity-metallicity (L-Z ) relation for 25 dwarf galaxies with secure distance and interstellar medium oxygen abundance measurements. The 4.5 m L-Z relation is 12þ log (O/H ) ¼ (5:78 AE 0:21) þ (À0:122 AE 0:012)M ½4:5 , where M [4.5] is the absolute magnitude at 4.5 m. The dispersion in the near-infrared L-Z relation is smaller than the corresponding dispersion in the optical L-Z relation. The subsequently derived stellar mass-metallicity (M Ã -Z ) relation is 12 þ log (O/H ) ¼ (5:65 AE 0:23) þ (0:298 AE 0:030)log M Ã , and extends the SDSS M Ã -Z relation to lower mass by about 2.5 dex. We find that the dispersion in the M Ã -Z relation is similar over 5 orders of magnitude in stellar mass, and that the relationship between stellar mass and interstellar medium metallicity is similarly tight from high-mass to low-mass systems. We find a larger scatter at low mass in the relation between effective yield and total baryonic mass. In fact, there are a few dwarf galaxies with large yields, which is difficult to explain if galactic winds are ubiquitous in dwarf galaxies. The low scatter in the L-Z and M Ã -Z relationships are difficult to understand if galactic superwinds or blowout are responsible for the low metallicities at low mass or luminosity. Naively, one would expect an ever increasing scatter at lower masses, which is not observed.
INTRODUCTION
The luminosity-metallicity (L-Z ) relation for gas-rich starforming galaxies is a robust relationship that holds over 10 mag in galaxy optical luminosity (e.g., Zaritsky et al. 1994; Tremonti et al. 2004 ). The physical basis for this relation has generally been attributed to a mass-metallicity relation for galaxies. The L-Z relation has also become an important tool to examine the time-evolution of past chemical enrichment and the (stellar) massmetallicity (M Ã -Z ) relation for more massive galaxies at distant epochs, where emission lines at rest-frame optical wavelengths are redshifted into the near-infrared (see, e.g., Kobulnicky & Zaritsky 1999; Liang et al. 2004; Kobulnicky & Kewley 2004; Shapley et al. 2004; Gallazzi et al. 2005; Hoyos et al. 2005; Maier et al. 2005; Savaglio et al. 2005; Shapley et al. 2005; Erb et al. 2006; Lamareille et al. 2006; Liang et al. 2006) . The growing body of observations at intermediateand high-redshifts has led to work on a variety of galaxy formation models and their subsequent predictions for L-Z and M Ã -Z relations (e.g., Somerville & Primack 1999; Bell & Bower 2000; Tamura et al. 2001; Dekel & Woo 2003; De Lucia et al. 2004; Savaglio et al. 2005; Tissera et al. 2005) .
For nearby dwarf irregular and other star-forming dwarf galaxies, the corresponding L-Z relation has traditionally been studied at optical wavelengths (e.g., Lequeux et al. 1979; Skillman et al. 1989 Skillman et al. . 1997 Richer & McCall 1995; Pilyugin 2001; Garnett 2002; Hidalgo-Gámez et al. 2003 ; H. Lee et al. 2003a Lee et al. , 2003b Lee et al. , 2003c Pilyugin et al. 2004; van Zee & Haynes 2006; . If systematic uncertainties are minimized, the resulting residuals in the L-Z relation can be used to examine effects of galaxy evolution (e.g., . However, dispersion in the optical L-Z relation is thought to arise from variations in the stellar-mass-to-light ratios, which are caused by variations in the current star formation rate (SFR) among galaxies (see, e.g., Bell & de Jong 2001; Tumlinson 2006) . To minimize the effects of these variations, the L-Z relation can be determined at near-infrared (NIR; 1-5 m) wavelengths, where the dominant emission arises from the stellar populations.
Recent ground-based efforts to determine L-Z and M Ã -Z relations for low-mass systems in the NIR have been constructed and described by, e.g., Pérez-González et al. (2003) , J. C. , Salzer et al. (2005) , Saviane et al. (2005) , Mendes de Oliveira et al. (2006) , and Rosenberg et al. (2006) . The sensitivity of the Spitzer Space Telescope provides an excellent opportunity to observe total emission from the stellar populations in nearby dwarf galaxies, because most of these systems are of intrinsically low surface brightness and are therefore highly challenging to observe in the NIR from the ground (e.g., Vaduvescu et al. 2005 ). The 4.5 m luminosities are dominated by emission from stellar photospheres (e.g., Lu et al. 2003; Galliano 2005) and are less sensitive to bursts of star formation. Observations at 4.5 m were chosen also because the passband was designed to avoid emission from polycyclic aromatic hydrocarbons (PAHs; e.g., Léger & Puget 1984; Allamandola et al. 1985) . PAH emission does not appear to be significant within lower luminosity metal-poor galaxies (e.g., Houck et al. 2004; Engelbracht et al. 2005; Hogg et al. 2005) . Although emission from hot dust might be significant in disk galaxies at 4.5 m (e.g., Roussel et al. 2005) , our 8 m observations have shown that the contributions from PAHs and warm dust are not significant in our sample of low-mass dwarf galaxies (Jackson et al. 2006 ).
In light of the M Ã -Z relation for massive galaxies determined by Tremonti et al. (2004) , we consider nearby dwarf galaxies, which extend the mass range down by roughly 2.5 dex. This allows us to examine the M Ã -Z relation over 5 orders of magnitude in stellar mass. To construct the L-Z and M Ã -Z relations at 4.5 m, we have chosen nearby star-forming dwarf irregular galaxies that have distances measured from stellar constituents, and oxygen abundances derived from high-quality spectra (namely, [O iii] k4363 measurements). We have assembled a sample of 27 dwarf galaxies at distances below about 5 Mpc; some properties of these dwarf galaxies are listed in Table 1 .
The remainder of this paper proceeds as follows. Those who wish to skip the details should go directly to x 7, where we interpret our key results in the context of the findings by Tremonti et al. (2004) . Observations and reductions of the data are presented in x 2. We describe the measurements of flux densities and absolute magnitudes of dwarf galaxies at 4.5 m, and the corresponding NIR L-Z and M Ã -Z relations in xx 3 and 4. We have also gathered from the literature other L-Z and M Ã -Z relations for local and distant star-forming galaxies. As all of the galaxies in our sample have direct measurements of their H i gas, we also examine relations with gas-to-stellar mass ratio and H i rotation velocity in xx 5 and 6, respectively. We give additional discussion and a summary in xx 7 and 8, respectively. For the present discussion, we use the notation ½O/H ¼ log (O/H ) À log (O/H ) , where the solar value of the oxygen abundance is 12 þ log (O/H ) ¼ 8:66 (Asplund et al. 2004; Meléndez 2004) . We adopt Z ¼ 0:0126 as the revised solar mass fraction in the form of metals (Asplund et al. 2004 ).
OBSERVATIONS AND REDUCTIONS
Data were acquired with the Infrared Array Camera ( IRAC; Fazio et al. 2004 ) on the Spitzer Space Telescope (Werner et al. 2004) during the first year of nominal operations from 2003 December to 2004 December. In Guaranteed Time Observation (GTO) program 128 ( PI: R. D. Gehrz), 10 galaxies were imaged in channels 2 (4.5 m) and 4 (8 m). The Astronomical Observation Request Key (AORKEY) for each galaxy is listed in Table 1 . We performed five dither positions per pointing with exposure times of 200 s each, except for NGC 55 and WLM, which had exposure times of 100 s per dither position. A single 5 0 ; 5 0 pointing was used for all targets, except for IC 1613, NGC 55, NGC 3109, and WLM, which were mosaicked in array coordinates using a 2 ; 2 (10 0 ; 10 0 ), a 1 ; 2 (5 0 ; 10 0 ), and a 1 ; 3 (5 0 ; 15 0 ) pointing grid, respectively. NGC 55 was mosaicked in sky coordinates, resulting in a 15 0 ; 10 0 field of view. Using the MOPEX 3 reduction package, the final mosaics were created as described in Jackson et al. (2006) . These images contained the appropriate astrometry in epoch J2000.0 coordinates and were fluxcalibrated in units of MJy sr
À1
. Postage-stamp images at 4.5 m of 10 galaxies from program GTO 128 are shown in Figure 1 ; note that the galaxies are displayed with the same isophotal scaling to emphasize the large range in surface brightness.
Total photometry was obtained with the application of elliptical apertures, and adjusting the dynamic range to show the spatial extent of the emission at 4.5 m. We also retrieved optical images from NED and the Local Group Survey 4 (Massey et al. 2002) , and we ''stretched'' these images visually (in intensity scale) in order to discern the outer limit of the optical extent and to compare the spatial extents of the optical and NIR luminosities. Elliptical apertures were constructed to optimize the amount of light measured for each target galaxy. Six to seven circular apertures in the immediate vicinity of the elliptical aperture were used to sample and determine the mean background level surrounding the galaxy. This method benefits from the sampling of both the sky and the foreground stellar contamination. An example is shown in Figure 2 . We used the IRAF 5 task polyphot to perform the aperture photometry and measure flux densities. A variety of tests were performed to mask and remove negative pixels, bright foreground stars, and bright pixels caused by ''bleeding'' from bright stars. Additional experiments (varying the size of the elliptical aperture; increasing the number of circular ''background'' apertures) were used to test our final photometry results. The subsequent range in derived luminosities falls well within the quoted uncertainties for the distance modulus and the total errors for IRAC flux measurements (see below).
We have also added from the Spitzer public data archive 11 dwarf galaxies from the SINGS Legacy program (Kennicutt et al. 2003b) , one dwarf galaxy from program GTO 59 ( PI: G. Rieke), and five dwarf galaxies from program GTO 69 (PI: G. Fazio). To ensure homogeneity in the derived absolute magnitudes at 4.5 m, we have performed the same procedure described above to determine total fluxes and luminosities. As shown in Figure 3 , our measured flux densities for the selected SINGS galaxies are consistent with those reported by .
We adopt 10% as the error in the total flux, assuming that this is the maximum error of the absolute calibration in channel 2 ( Hora et al. 2004 ). Various image-based corrections (array location dependent photometric correction, pixel-phase correction) in channel 2 are well below the uncertainty in the absolute calibration (Reach et al. 2005) , and are not included in this paper. We have applied a correction to account for extended surface brightness by multiplying measured channel 2 fluxes by a factor of 0.937 (Reach et al. 2005 ) to obtain the appropriate scaled results. With our measured flux densities at 4.5 m, we derived absolute magnitudes, M [4.5] , by using the adopted zero-magnitude flux density, F 0 ½4:5 ¼ 179:7 AE 2:6 Jy ( Reach et al. 2005) . We have also assumed zero extinction at 4.5 m (e.g., Lutz 1999; Indebetouw et al. 2005) , and negligible contribution by diffuse H i Br emission to the overall galaxy flux (e.g., Lu et al. 2003; Lu 2004) .
A comparison between B and 4.5 m luminosities is shown in Figure 4 , where B luminosities corrected for Galactic extinction are taken from Karachentsev et al. (2004) . For the remainder of this paper, we refer to IRAC channel 2 luminosities as ' '[4.5] .'' Galaxy luminosities at 4.5 m are also plotted against B À ½4:5 color; no correlation is evident. The mean B À ½4:5 color for our sample in Table 1 is 2:08 AE 0:59, which is consistent with the range of observed B À K colors for a sample of nearby late-type dwarf galaxies in Two Micron All Sky Survey (2MASS; Jarrett et al. 2003) .
THE NEAR-INFRARED L-Z RELATION
Twenty-five dwarf galaxies in our sample have reported oxygen abundances, and 21 dwarf galaxies have oxygen abundances derived from [O iii] k4363 measurements ( 
Distance References (6)
O/ H References (9) (6): distance modulus and references, respectively; col. (7): absolute magnitude at 4.5 m; cols. (8) and (9): nebular (H ii region) oxygen abundance and references, respectively; col. (10): derived B À ½4:5 colors in the present work, where B magnitudes are corrected for Galactic extinctions; see Karachentsev et al. (2004) ; and col. (11): derived stellar mass using model 8 in Table 3 We have adopted the distance to M81 (Ferrarese et al. 2000) . Miller (1995) measured 12 + log(O/H)$8.0 AE 0.2 from a supernova remnant. and NGC 3109 were derived using the McGaugh (1991) brightline calibration. 6 We adopt for Peg DIG the oxygen abundance derived by Skillman et al. (1997) . We have assumed that oxygen abundances are spatially homogeneous in dwarf irregular galaxies (e.g., Kobulnicky & Skillman 1997; ; H. Lee & Skillman 2004 ; H. Lee et al. 2005 Lee et al. , 2006a .
To obtain fits between absolute magnitude and oxygen abundances for our sample of dwarf galaxies in B and at 4.5 m, we used the ordinary least squares bisector method (see Akritas & Bershady 1996 and references therein). Specifically, these are bivariate least-squares fits with the bisector method incorporating heteroscedastic errors (in both luminosity and oxygen abundance). The two fits are expressed as
where M B is the absolute magnitude in B, corrected for Galactic extinction ( Karachentsev et al. 2004), and M [4.5] is the absolute magnitude at 4.5 m, respectively. The fits in B and [4.5] are shown in Figure 5 . The slopes, intercepts, and their corresponding errors are computed with the bivariate correlated errors and scatter regression code, 7 where we have assumed uncorrelated errors and set the covariance to zero. The resulting errors incorporate uncertainties associated with the data points being fitted. All of the fits below use the same technique, and we refer to this procedure as the ''bisector'' method. 8 The fit at B is consistent with similar fits obtained by, e.g., H. Lee et al. (2003b) , van Zee & Haynes (2006) , and van Zee et al. (2006) . The NIR slope is marginally smaller than the optical slope, although the derived slopes and intercepts for both L-Z relations are consistent with each other.
Variations in the stellar-mass-to-light ratio can be responsible for some or all of the scatter in the L-Z relation. Moreover, the optical luminosity of a fainter galaxy is affected more by a burst of new star formation than the luminosity of a brighter galaxy. Skillman et al. (1997) proposed a comparison of the residuals in luminosity against color to test whether variations in the stellarmass-to-light ratio were the main cause of the scatter. A limited set of data at the time were plotted against optical B À V color, and were suggestive of a correlation between the residuals in B luminosity versus B À V .
We show now that the scatter in the L-Z relation diminishes when luminosities are measured at longer wavelengths. Residuals in oxygen abundance are plotted against B and [4.5] absolute magnitude in the top and bottom panels, respectively, of Figure 6 . The dispersions in the optical and NIR L-Z relations are 0.161 and 0.122 dex, respectively. The scatter in the NIR L-Z relation is reduced compared to the optical L-Z relation. The dispersion in the L-Z relation was expected to decrease at longer wavelengths, as NIR luminosities are less sensitive to extinction by dust and variations in the present-day SFR.
The smaller slope and the reduced dispersion in the NIR are in agreement with the results for star-forming galaxies in the field reported by Salzer et al. (2005) . Higher luminosity and higher mass galaxies contain more metals and more dust (e.g., Rosenberg et al. 2006 ); these galaxies would be optically underluminous, which would yield a steeper slope in the optical L-Z. The effects of absorption by dust vary from galaxy to galaxy, which introduces greater overall scatter in the optical L-Z. Absorption by dust is mitigated in the NIR, which produces an L-Z relation with a shallower slope and less scatter. For our present sample of dwarf galaxies, we have assumed that dust is less important (see x 1) than the variations in stellar-mass-to-light ratios. We now examine residuals in oxygen abundance and luminosity against B À ½4:5 color. The results are shown in Figure 7 . Residuals in oxygen abundance from the B L-Z relation are correlated with color in the sense that redder galaxies have larger abundances compared to the best fit. On the other hand, there is very little to no trend with color for the residuals from the [4.5] L-Z relation. Residuals in magnitude from the optical and infrared L-Z relations exhibit behavior similar to that described above; redder galaxies are fainter in B, and no trend is found at 4.5 m. The plots in Figure 7 clearly show that the dispersion is reduced at NIR wavelengths.
We compare in Table 2 the 4.5 m L-Z relation with recent optical and NIR L-Z relations from the literature. The slopes from our optical and NIR relations are smaller than values derived from similar relations for other samples of nearby dwarf galaxies. In addition to listing the slope and intercept values for each L-Z relation, we have also computed the oxygen abundance from the specified relation at a fiducial galaxy luminosity equal to M k ¼ À16. The key result from the comparison is that our NIR L-Z relation exhibits the smallest dispersion.
The NIR L-Z relation reflects a fundamental relation between underlying stellar mass and metallicity, and thus, NIR luminosities of dwarf galaxies can directly be related to the mass of their stellar populations (e.g., Vaduvescu et al. 2005) . First, to derive the 4.5 m luminosity in solar units, we have assumed that the absolute magnitude of the Sun is +3.33 in K ( Bell & de Jong 2001) and that the ground-based K À M color 9 is about zero for a G2 dwarf star (e.g., Bessell & Brett 1988) . Thus, we assume that the absolute magnitude of the Sun at 4.5 m is '+3.3. Even if the NIR luminosity is dominated by giant stars, the most extreme K À ½4:5 colors are between +0.1 and À0.1. As we show below, a nonzero K À ½4:5 color introduces a zero-point offset in the M Ã -Z relation.
We consider an appropriate ratio of stellar mass to NIR light. We first assumed a constant ratio of stellar mass to [4.5] light of 0.5, as motivated by models for the formation of disk galaxies (e.g., van den Bosch 2002). This value of the stellar-mass-tolight ratio is assumed to be independent of color. The resulting fit to the M Ã -Z relation is 12 þ log (O/H ) ¼ (5:26 AE 0:27) þ (0:332 AE 0:033)log M Ã , and the resulting dispersion is 0.125 dex. However, stellar-mass-to-light ratios can vary by a factor of $2, even at NIR wavelengths (e.g., Bell & de Jong 2001) . Fortunately, ratios of stellar mass to NIR light are not strongly dependent on the age of the dominant stellar population.
For the next step, we derived stellar-mass-to-light ratios by accounting for color variations. We used the models by Bell & de Jong (2001) , their Tables 3 and 4 , where the authors developed methods to derive better estimates of stellar mass in disk galaxies and to determine the baryonic Tully-Fisher relation. For each model in Bell & de Jong (2001) , we derived a mass-to-light ratio as a linear function of B À K color, and computed the stellar mass for each galaxy. Using the color-based functions for B À V and V À K, we applied a simple linear combination to obtain the stellar-mass-to-light ratio as a linear function of B À K color. We write
where a 0 and b 0 are given in Table 3 , and B À K ¼ (B À ½4:5)À (K À ½4:5) using our measured B À ½4:5colors. For a small 9 We assume that the effective wavelength of M is 4.8 m (Campins et al. 1985) . sample of late-type galaxies, Pahre et al. (2004) determined KÀ ½4:5 in the range between À0.1 and +0.4. We adopt here KÀ ½4:5 ¼ þ0:2, and subsequent stellar masses are 0.15-0.16 dex smaller than stellar masses derived with K À ½4:5 ¼ 0.
We obtain stellar masses with
with the stellar-mass-to-light ratio defined above. With this empirical prescription for stellar masses, we subsequently performed a M Ã -Z fit to each model. The results are shown in Table 3 . Although stellar masses for a given galaxy can vary by as much as $0.5 dex from model to model, the subsequent M Ã -Z fits spanning a range of about four decades in stellar mass are similar for all models. The M Ã -Z slopes for models at subsolar metallicity are marginally smaller than the scaled Salpeter stellar initial mass function ( IMF ) models at solar metallicity. For this work, we used model 8 in Table 3 (Salpeter IMF, subsolar metallicity) and equations (3) and (4) to derive initial stellar masses. We then subtracted 0.25 dex from all of the stellar masses to scale the masses from the Salpeter (1955) 
The dispersion is 0.117 dex. In Figure 8 we show the data and the fit expressed by equation (5) in panel a. We find an excellent correlation between oxygen abundance and stellar mass; the Pearson correlation coefficient is r ¼ þ0:90. No trend is seen in a plot of the residuals in oxygen abundance from the M Ã -Z relation against stellar mass in panel b. We compare our M Ã -Z relation with the relation recently derived for massive galaxies. Tremonti et al. (2004) derived the M Ã -Z relation for over 53,000 massive star-forming galaxies at redshifts z P 0:1 from the Sloan Digital Sky Survey (SDSS). In Figure 9 we show the full range in both axes, spanning over 2 orders of magnitude in oxygen abundance, and 5 orders of magnitude in stellar mass. The data presented here extend the SDSS M Ã -Z relation to lower masses by roughly 2.5 dex. The dispersion for our M Ã -Z relation is comparable to that of the SDSS M Ã -Z relation (% 0.1 dex). If dwarf galaxies have insufficient total masses to retain ejecta from supernovae, we expect that the dispersions in both L-Z and M Ã -Z relations should increase with decreasing luminosity and mass. We discuss the implications of our L-Z and M Ã -Z results in x 7.
The polynomial fit to the SDSS galaxies is effective in the mass range between 10 8.5 and 10 11.5 M , whereas our relation overlaps ( Frei & Gunn 1994) . b Fits to the respective relations are expressed as 12 þ log (O/H) ¼ a þ bM k , where a and b are the intercept and the slope, respectively, and M k is the absolute magnitude at wavelength k.
c Oxygen abundance determined from the specified relation at a fiducial galaxy luminosity equal to M k ¼ À16 d Dispersion in oxygen abundance. e Richer & McCall (1995) stated the fit parameters and resulting dispersion were effective only for galaxies brighter than M B ¼ À15, as the dispersion increased toward lower luminosities. However, Lee et al. (2003b) showed that improved data (e.g., distances) reduced the dispersion at lower luminosities.
f Tremonti et al. (2004) obtained galaxy luminosities in Sloan filter g (similar to B), and accounted for the appropriate transformations from g to B.
the SDSS relation in the mass range between 10 8.5 and 10 9.5 M . At these stellar masses, SDSS galaxies are about 0.2-0.3 dex more metal-rich than the present sample of dwarf galaxies. We describe here the most likely reasons for the offset; see also Savaglio et al. (2005) . First, SDSS fiber spectra preferentially sample the inner %25% of galaxies ( Tremonti et al. 2004) . Given that nearby spirals exhibit radial metallicity gradients (e.g., Zaritsky et al. 1994) , derived abundances from SDSS spectra might be too high for a number of the galaxies. Second, oxygen abundances for the SDSS data were derived using bright-line methods in the absence of the temperature-sensitive [O iii] k4363 emission line. Recent work with nearby spiral galaxies has shown that bright-line oxygen abundances overestimate the true oxygen abundances by roughly 0.2-0.3 dex at metallicities solar and above (e.g., Stasińska 2002; Kennicutt et al. 2003a; Bresolin et al. 2004 ). These effects together can account for the offset between the present sample of dwarf galaxies and the SDSS sample of higher mass galaxies. Figure 9 suggests two intriguing possibilities: (1) over a large range in mass ('5.5 dex) there is a single and continuous M Ã -Z relation that turns over or flattens at high galaxy mass, or (2) the M Ã -Z relations describing dwarf and giant galaxies may have different slopes; this possibility has also been suggested by, e.g., Salzer et al. (2005) and Rosenberg et al. (2006) . It will be very interesting to investigate whether slopes of the L-Z and M Ã -Z relations exhibit a ''break'' at some characteristic luminosity and mass, respectively.
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In Table 4 we list the M Ã -Z relation from the present work, as well as other relations from the literature. With increasing numbers of intermediate-and high-redshift galaxies with measured luminosities and abundances, the interpretation of the M Ã -Z relation for massive systems at distant epochs will depend on the specific bright-line calibration used to derive oxygen abundances. Although selection criteria and the methods used to derive masses and metallicities may vary, comparisons that begin to tie relations between high-mass and low-mass galaxies and between local and distant galaxies may help illustrate processes acting on galaxies over a range in mass and redshift.
RELATIONS WITH GAS-TO-STELLAR MASS RATIO
We consider the gas-to-stellar mass ratio, which is representative of the baryonic gas fraction (e.g., Garnett 2002; H. Lee et al. 2003b; Skillman et al. 2003; van Zee & Haynes 2006) . These 10 Examination of the latest SDSS data ($80,000 objects in DR4; C. Tremonti 2006, private communication) shows that the subsequent M Ã -Z fit is effective to another 0.5 dex lower in mass to log (M Ã /M ) $ 8. Despite the different methods by which stellar masses and oxygen abundances have been determined, there appears to be good agreement at log (M Ã /M ) $ 8 between the upper-end of our M Ã -Z relation and the lower end of the SDSS M Ã -Z relation. Notes.-Stellar masses using models of stellar-mass-to-light ratios from Tables 3 and 4 parameters reveal important information about the conversion of gas into stars and metals, and about possible gas flows. Assuming zero gas flows and instantaneous recycling, the closedbox model of chemical evolution predicts the metallicity by mass Z (Schmidt 1963; Searle & Sargent 1972) ,
where y is the yield and = M gas /(M gas þ M Ã ) is the fraction of total baryonic mass in the form of gas. From the equation above, we can derive the oxygen abundance by number
where y O is the oxygen yield by mass, ¼ 11:728 is the factor to convert abundance by mass to abundance by number, M gas ¼ 1:36M H i is the total gas mass (which includes helium), and M gas /M Ã is the gas-to-stellar mass ratio, which is independent of distance.
All of the galaxies in the present sample have direct measures of their H i gas content. We have adopted 21 cm flux integrals from the catalog by Karachentsev et al. (2004) . However, we have not scaled the H i mass to the spatial extent of the optical or NIR luminosity (re. stellar mass).
11 The 21 cm flux integrals and the derived gas-to-stellar mass fractions are listed in Table 5 .
The results are shown in Figure 10 . In Figure 10a , we have plotted oxygen abundances against the gas-to-stellar mass ratio, and the subsequent least-squares fit with the bisector method. The fit is shown as a solid line, and is expressed as
The dispersion is 0.24 dex. In Figure 10b , we have plotted outflow models as variations of the closed-box model; we assume negligible inflow of metal-poor gas. The purple and blue set of curves, respectively, describe y O ¼ 0:01 ( Tremonti et al. 2004) and y O ¼ 2 ; 10 À3 (H. Lee et al. 2003b; van Zee & Haynes 2006) . For each set of curves, the outflow rates from right to left are 0, 5, 10, 25, and 50 times the star formation rate. These results suggest reduced yields and/or significant outflow rates, which previous authors (e.g., Garnett 2002; van Zee & Haynes 2006 ) have also indicated.
In Figure 10c we have plotted the B À ½4:5 color against the gas-to-stellar mass ratio, where there is a very clear correlation. We first point out three outliers in the data. At B À ½4:5 % þ1 and log (M gas /M Ã ) % À0:4, NGC 1569 is unusually blue for its gas-to-stellar mass ratio, as this dwarf galaxy is known to have just undergone a very strong burst of star formation (e.g., Israel 1988; Waller 1991) . At the other end of the plot (B À ½4:5 % þ2, log ½M gas /M Ã % þ1:5) are DDO 154 and Ho IX. DDO 154 is known to have a very large H i halo (Carignan & Beaulieu 1989; Carignan & Purton 1998) . Because Ho IX is situated (in projection) very close to the spiral galaxy M81, the H i for Ho IX is most likely a part of the overall gas distribution for M81. 11 The proper interpretation of effective yields with respect to the ''inner'' and ''outer'' gas relative to the optical extent depends very strongly on the assumed metallicity of the outer gas, which is not known or well constrained in many nearby dwarf galaxies; however, see, e.g., Skillman et al. (1989) ; Kennicutt & Skillman (2001) ; Garnett (2002) for additional discussion. A detailed comparison between ''nonscaled'' and ''scaled'' H i content relative to the optical extent is outside the present focus of this paper. The plot has been expanded to include more massive galaxies. Data and the least-squares fit to the present data from Fig. 8 are shown ; the fit is shown as a thin black solid line and is arbitrarily extrapolated to 10 10 M . The polynomial fits to over 53,000 galaxies from the SDSS (Tremonti et al. 2004 ) are shown as a heavy solid lines; the 1 curves are also shown. Their fit is effective over the mass range between 8:5 P log (M Ã / M ) P 11:5. In the ''overlap region'' [8:5 P log (M Ã /M ) P 9:5], SDSS galaxies are more metal-rich by % 0.2-0.3 dex compared to dwarf galaxies in the present sample. An extrapolation of the SDSS M Ã -Z relation down to log (M Ã / M ) ¼ 7:5 is shown as a short-dashed line. [See the electronic edition of the Journal for a color version of this figure.] The bisector fit to the data (excluding DDO 165, Ho IX, and NGC 1569) is shown as a solid line, and is expressed as (B À ½4:5) ¼ (2:79 AE 0:11) þ (À0:89 AE 0:13)log (M gas =M Ã ); ð9Þ and the dispersion in color is 0.32 mag. The fit also implies that L B /L ½4:5 / (M gas /M Ã ) 0:36 . The strong correlation may simply reflect a more dominant process of the conversion of gas into stars. Galaxies with lower gas-to-stellar mass ratios have already depleted their fuel and appear redder when present-day star formation no longer becomes active.
We consider possible departures from the closed-box model by inverting equation (6) to obtain the effective yield, y eA ¼ Z / ln ( À1 ). The effective yield is determined simply from the measured oxygen abundances and baryonic gas fractions, and is equal to the true yield when the closed-box assumption applies. Effective yields that are smaller than the true yield suggest either outflow or infall of metal-poor gas (e.g., Edmunds 1990; Dalcanton 2006; van Zee & Haynes 2006) . We have listed derived values of the effective yield in Table 5 .
In Figure 11a we plot the effective yield as a function of the total baryonic mass, following Figure 8 in Tremonti et al. (2004) ; Garnett (2002) also obtained a similar plot for a sample of nearby spiral and irregular galaxies. The empirical fit obtained by Tremonti et al. (2004) is based on the premise that galactic winds were responsible for metals loss; see also Veilleux et al. (2005) for additional discussion. From the present sample, there are dwarf galaxies with effective yields about a factor of 10 lower than the Comparison among Selected M Ã -Z Relations for Nearby Dwarf Irregular Galaxies and Star-forming Galaxies at Distant Epochs
Data Source
No. of Galaxies Redshift Luminosity Range Notes.-Fits to the respective relations are expressed as 12 þ log (O/H) ¼ f (X ), or functions of X ¼ log M Ã . We have not homogenized measures of the stellar mass or metallicity for the other studies. This is not a complete listing, as we have selected recently published M Ã -Z relations from the literature. ). b Gas-to-stellar mass ratio. c Logarithm of the effective yield. d H i rotational velocity corrected for inclination and turbulent motions . Fig. 10.-(a, b) Oxygen abundances are plotted against gas-to-stellar mass ratio. In panel a, the solid line represents the fit to the data; the Pearson coefficient is r ¼ À0:58. In panel b, we have plotted outflow variations of the closedbox model, where the outflow rate is a constant multiple of the star formation rate. The purple and blue curves describe models with y O ¼ 0:01 (Tremonti et al. 2004 ) and y O ¼ 2 ; 10 À3 (e.g., H. Lee et al. 2003b; van Zee & Haynes 2006) , respectively. For each set of curves, the outflow rates from right to left are 0, 5, 10, 25, and 50 times the star formation rate, respectively. In panel c, B À ½4:5 colors are plotted against gas-to-stellar mass ratio. The solid line represents the fit, and the Pearson coefficient is r ¼ À0:83. The fit excludes DDO 165, Ho IX, and NGC 1569; the latter is the outlier with a very blue color for its relatively low gas-tostellar mass ratio. [See the electronic edition of the Journal for a color version of this figure.] ''asymptotic'' yield (log y eA % À1:98) for more massive galaxies in the SDSS. We have also marked for comparison the solar oxygen mass fraction (log Z O; ¼ À2:27; Asplund et al. 2004; Meléndez 2004 ) and the effective yield for the nearby spiral M51 ( log y eA ¼ À2:49; Bresolin et al. 2004) .
12 Accounting for the $ 0.2-0.3 dex offset described above in x 4 lowers the ''asymptotic'' yield in better agreement with the solar mass fraction and the effective yield for M51. We note that these values are also comparable to the range of effective yields for dwarf galaxies (e.g., log y eA ' À2:7 to À2.1) previously reported by, e.g., H. Lee et al. 2003b and van Zee & Haynes 2006) .
Although there may be a trend between yield and baryonic mass for the low-mass galaxies, there is, however, large scatter, which is about 1.5 dex at $10 8.5 M . The three galaxies with the largest effective yields (log y eA k À2) in our sample are DDO 154, NGC 3109, and Sextans A. However, their measured luminosities and abundances are in good agreement with other galaxies at comparable abundances and luminosities.
Van Zee & Haynes (2006) observed a trend between effective yield and the ratio of H i gas to B-light for a sample of nearby UGC dwarf galaxies, where the ratio of the H i-gas to B-light was a measure of the gas-to-stellar mass ratio. These authors ruled out infall of metal-poor gas as a mechanism to decrease effective yields (see also Dalcanton 2006) . In Figure 11b we plot the effective yield as a function of the gas-to-stellar mass ratio. Gas-rich systems eventually reach the ''asymptotic'' yield, while gas-poor systems have lower effective yields. The effective yield is correlated with the gas-to-stellar mass ratio, and the fit is expressed as log y eA ¼ (À2:75 AE 0:06) þ (0:700 AE 0:057)log (M gas =M Ã );
with dispersion in log yield equal to 0.22 dex. In the limit of high gas fraction, the closed-box model predicts that the slope in equation above is equal to 1.
RELATIONS WITH ROTATION VELOCITY
For a sample of dwarf irregular and spiral galaxies, Garnett (2002) found a relationship between metallicity and rotation velocity with an apparent ''break'' in the relation at 120 km s
À1
. Pilyugin et al. (2004) peformed a homogeneous analysis using his bright-line calibration and found a similar break at 80 km s À1 . We plot various quantities against H i rotational velocity in Figure 12 , where the range of velocities for the present sample is between 10 and 80 km s À1 ; see Table 1 . As an alternative to velocity on a linear scale, we plot the logarithm of the velocity.
In Figure 12a there appears to be a good correlation between stellar mass and rotation velocity (r ¼ þ0:66), although there is a paucity of data at low rotation velocity. The bisector fit is -(a) Effective yield against total baryonic mass in gas and stars; see also Garnett (2002) . Filled circles represent dwarf galaxies in the present work. Crosses represent the median of the SDSS data in mass bins of 0.1 dex (Tremonti et al. 2004 ). The empirical fit is shown as a thin solid line (Tremonti et al. 2004, their eq. [6] ). The asymptotic yield (y eA ¼ 0:0104) is represented by the shortdashed line. The solar oxygen mass fraction (Asplund et al. 2004; Meléndez 2004 ) and the effective yield for the nearby spiral galaxy M51 ) are represented by dotted and long-dashed lines, respectively. These values are comparable to the range of effective yields for dwarf galaxies (e.g., log y eA ' À2:7 to À2.1; H. Lee et al. 2003b; van Zee & Haynes 2006) . (b) Effective yield vs. gas-to-stellar mass ratio. The fit shown is represented by a thin solid line. The trend here is similar to the one observed for a sample of nearby UGC dwarf galaxies described by van Zee & Haynes (2006) . The horizontal lines are the same as in the panel above. Table 1 have been corrected for inclination and turbulent motions; see Karachentsev et al. (2004) . The Pearson correlation coefficient between rotation velocity and effective yield is r ¼ þ0:40. The horizontal lines are the same as in Fig. 11. larger than the predicted value of 0.2 ( Dekel & Woo 2003) by 3.4 . The observational result suggests either larger rotation velocities at a given stellar mass, or smaller stellar masses at a given velocity.
In Figure 12b and 12c, respectively, we have plotted the gasto-stellar mass ratio and the effective yield against rotation velocity. Neither figure reveals a strong trend, although the effective yield appears to rise slightly with rotation velocity. The rise of the effective yield with rotation velocity has been discussed by Garnett (2002) , Pilyugin et al. (2004) , and Dalcanton (2006) . Galaxies with v rot k 100 km s À1 have effective yields approaching that of the asymptotic yield. Less massive galaxies with v rot P 100 km s À1 have smaller effective yields that are roughly consistent with a solar-type yield, as seen in Figure 11 . The present work suggests that the effective yield may be roughly constant, or at the very least, is weakly dependent on rotation velocity. While additional data are required for confirmation, this result suggests that within the mass range of dwarf galaxies, the effective yield depends more strongly on the relative gas fraction than on rotation velocity.
DISCUSSION
We have shown that the scatter in the optical L-Z relation is constant ($0.16 dex) over a range of 11 mag in B luminosity, and the scatter decreases to 0.12 dex over 8 mag at NIR wavelengths. Our subsequent M Ã -Z relation extends the dynamic range of the SDSS M Ã -Z relation to lower masses by roughly 2.5 dex. We have also shown that the scatter for the M Ã -Z relation appears to be similar over 5.5 orders of magnitude in stellar mass.
Models of galaxy formation have been successful in predicting the slopes of the L-Z and M Ã -Z relations. These models generally incorporate feedback, which describes how effectively massive stars can inject energy into the surrounding interstellar medium. Dekel & Silk (1986) predicted the scaling relation, L / Z 2:7 , for dwarf galaxies formed and embedded within dark matter halos, although their model is less applicable to dwarf galaxies which have undergone a low and constant level of star formation over a Hubble time. The derived slopes of the L-Z relations (our eq. (5) is smaller than the predicted value by 3.4 . We note, however, that the Dekel & Woo (2003) scaling relation was derived for stellar iron metallicities under the assumption of constant [ Fe/O], which may not be applicable in dwarf irregular galaxies (e.g., Smith et al. 2002) . Somerville & Primack (1999) compared predicted L-Z relations among a number of semianalytical models. Although the details varied with the specific feedback recipe within the models, the scatter in the L-Z relations increased with decreasing total luminosity (their Fig. 18 ). Unfortunately, none of the models provided acceptable fits to all of the known observational parameters, and these authors stated that the failure of the models is likely caused by a strong difference in efficiency between ejecting gas and ejecting metals.
Models by De Lucia et al. (2004) produced M Ã -Z relations consistent with the SDSS M Ã -Z relation over a similar range in stellar mass, down to log (M Ã /M ) $ 8:5. Robertson et al. (2005) developed models to describe chemical abundance patterns observed in the Galactic halo, Local Group dwarf spheroidals, and Local Group dwarf irregular galaxies. They incorporated chemical enrichment histories and various gas accretion histories within cosmologically motivated ÃCDM models for the formation of dwarf galaxies and the Galactic stellar halo. Their models were able to reproduce the Dekel & Woo (2003) scaling relation and the observed abundance patterns in nearby dwarf galaxies. Tremonti et al. (2004) explained that the relationship between stellar mass and metallicity was a consequence of the relationship between effective yield and total baryonic mass. That is, higher mass systems are able to convert gas into stars that produce galaxies with large stellar masses and metallicities, whereas lower mass systems convert less gas into stars and lose their metals as outflows by virtue of the lower total masses. These authors state that ''it is our view that the strong positive correlation between effective yield and baryonic mass is most naturally explained by the increasing potential barrier that the metal-laden wind must overcome to achieve 'blowout.''' In fact, since a number of the low-mass galaxies in our sample do not depart significantly from the L-Z and M Ã -Z relationships and have effective yields close to or exceeding the asymptotic value, it is difficult to explain these relationships as a result of very disruptive blowout events.
Present-day galactic winds removing material from low-mass galaxies should have dramatic effects on the properties of such systems. We consider a prototype dwarf starburst galaxy, NGC 1569, which is undergoing blowout. Martin et al. (2002) showed in their Chandra observations that most of the oxygen produced in the starburst is in the enriched outflow. However, the results from Martin et al. (2002, their Table 6 ) and Angeretti et al. (2005) reveal that at most 2% of the stellar mass is produced in the burst. Although the stellar mass (%10 8.5 M ) of NGC 1569 is at the upper end of the range for our sample of dwarf galaxies, an equivalent NGC 1569-like burst would produce a more significant amount of stars in lower mass systems. However, this high level of star formation is not at present seen in the other low-mass galaxies from our nearby sample, and certainly not seen in dwarf irregulars within the Local Group (see Mateo 1998) .
We hypothesize that a less energetic form of metal-enhanced mass loss than blowouts could explain the small scatter in the L-Z and M Ã -Z relationships. Perhaps the slow loss of metals from an X-ray corona that is fed by individual supernova is sufficient to explain the observed relationships. Since this mechanism is an average over many events instead of depending on a small number of very energetic events, a smaller scatter would arise naturally. A low efficiency of star formation in dwarf irregular galaxies could account for a gentler form of mass loss.
While a number of the more massive dwarf galaxies in the present sample have experienced or will experience an outflow event (e.g., Summers et al. 2003; Hartwell et al. 2004; Grimes et al. 2005; Ott et al. 2005) , the challenge remains to explain the uniform scatter in both the NIR L-Z relation over a range of about 11 mag in luminosity, and the M Ã -Z relation over a range of about 5.5 decades in stellar mass. We suggest the following lines of research for the near future. New generations of models for galaxy formation that incorporate varying degrees of galaxy outflows should be able to predict the slope and the scatter in the L-Z and M Ã -Z relations. Large uniform surveys of galaxies are required to examine the percentage of stars formed in starbursts as a function of galaxy mass (e.g., Pérez-González et al. 2003) . Results derived from the resolved stars in NGC 1569 (e.g., Angeretti et al. 2005 ) are promising, because similar studies will allow us to determine how much stellar mass has formed in the most recent bursts to a look-back time of a few Gyr. Additional NIR imaging and spectroscopy for a large number of dwarf galaxies within the Local Volume ) can test whether
